We present a geochemical dataset acquired during continual sampling over 7 months (bi-weekly) and 4 weeks (every 8 h) in the Neuwied Basin, a part of the East Eifel Volcanic Field (EEVF, Germany). We used a combination of geochemical, geophysical, and statistical methods to describe and identify potential causal processes underlying the correlations of degassing patterns of CO 2 , He, Rn, and tectonic processes in three investigated mineral springs (Nette, Kärlich and Kobern). We provide for the first time, temporal analyses of periodic degassing patterns (1 day and 2-6 days) in springs. The temporal fluctuations in cyclic behavior of 4-5 days that we recorded had not been observed previously but may be attributed to a fundamental change in either gas source processes, subsequent gas transport to the surface, or the influence of volcano-tectonic earthquakes. Periods observed at 10 and 15 days may be related to discharge pulses of magma in the same periodic rhythm. We report the potential hint that deep low-frequency (DLF) earthquakes might actively modulate degassing. Temporal analyses of the CO 2 -He and CO 2 -Rn couples indicate that all springs are interlinked by previously unknown fault systems. The volcanic activity in the EEVF is dormant but not extinct. To understand and monitor its magmatic and degassing systems in relation to new developments in DLF-earthquakes and magmatic recharging processes and to identify seasonal variation in gas flux, we recommend continual monitoring of geogenic gases in all available springs taken at short temporal intervals.
Introduction
Continental rifts and their related volcanic systems may be important contributors to deep, diffuse carbon fluxes due to intrusion and melting of metasomatized, volatile-enriched lithosphere and elevated magmatic fluxes. Faults and fractures on which volatile species can migrate towards the surface act as preferential pathways [1] . However, carbon fluxes at large depth occurring in the presence of magmatism is still poorly understood, especially in cases where magma ascent ends within the lithosphere and no eruption occurs [1] . Recently, Burton [2] and Mörner and Etiope [3] point out that slow, passive degassing of volatiles over long periods of time is a more important process than volcanic eruptions of short duration. Such passive release of volatiles and their variations in composition at the Earth's surface represent the only indicator of a degassing magma source at depth [4] . During their migration towards the surface, these gases may contain components from three reservoirs: Mantle, Table 1 . Examples of cyclic periods identified in previous volcanic studies using different data sets (adapted and modified from [8] ).
Location

Data Type Cyclic Period Reference
Campi Flegrei caldera, Italy Volcano-tectonic earthquakes, Earth tides, rainfall and atmospheric pressure 0.4-366 days [7] Erebus volcano, Antarctica Spectroscopic data of H 2 O, CO 2 , CO, SO 2 , HF, HCl, and OCS ≈1.4-≈2.8 days for H 2 O, CO 2 [10] Llaima and Villarrica volcanoes, Chile SO 2 flux, tidal forces 28-33 days 13-16 days 6-9 days 1 day 0.5 day ≈7 days (maxima) [9] Soufriere Hills Volcano, Montserrat Ozone monitoring 7-8 days [8] Earthquakes ≈200 days ≈100 days ≈50 days [11] Time series of absorption spectra (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) of long-term SO 2 flux 2-3 y; ≈50 days 10-14 days [13] Discharge pulse and rockfall events 2-6 weeks 11-16 days [14] Lava flux and deformation data 10 h ≈2 days [15] Coupled seismic and model data 40 days [16] Deformation and seismic 2.5 h-2.6 days [12] Observed resurgence of lava extrusion (1997) 36-52 days [17] Furthermore, systematic, long-term monitoring studies (e.g., geochemistry and degassing patterns of mineral springs) constitute the only scientifically valid basis to understand the behavior of volcanoes and provide pre-eruption baseline data, especially, when volcanoes are thought to be presently dormant but with a potential for reactivation [18] .
Until now, no continuous fine-scale degassing data have been available for the seismically active East Eifel Volcanic Field (EEVF) with its Quaternary alkali basaltic volcanism and adjoining Eocene Neuwied Basin (NWB) in state of Rheinland-Pfalz (Germany). Many volcanological, petrochemical, petrological, tectonic, and seismic investigations have been carried out in the last 40 years. Their focus was on dormant but not extinct volcanic activity [19, 20] ; ongoing magmatic recharge beneath Laacher See Volcano [21] ; the present-day NW-SE-directed compressional stress field and its related seismic activity, e.g., [22] ; isotopic investigations [23] [24] [25] ; gas composition and chemical tracers of mineral waters [25] [26] [27] [28] [29] ; and mofettes along the Laacher See or at Obermendig [30] . Data collection and monitoring has been annual at best, e.g., [25] , and no continual systematic long-term measurements or analyses of geogenic gas concentrations in mineral springs have been recorded. Furthermore, direct observations of periodic degassing behavior (e.g., from gas records themselves) are also still missing. This absence of information reflects a lack of data with high-time resolution of gas flux in an area where the current level of volcanic and magmatic activity is still disputed [21] .
To better understand geogenic gas emissions, their rhythms, and potential changes during episodes of seismic unrest in the EEVF, we provide for the first time fine-scale data for three mineral springs: (a) Flöcksmühle in the Nette river near Ochtendung (hereafter: 'Nette'); (b) Waldmühle in Mülheim-Kärlich (hereafter: 'Kärlich'); and (c) 'Kobern' in Kobern-Gondorf in relation to parallel investigated soil gas analyses at the Goloring study site near Koblenz (≈6 km from the investigated mineral springs) that allow for periodic analyses. We present new insights into temporal changes in concentrations of the geogenic gases CO 2 , helium (He), and radon (Rn) by analyzing high-frequency data from gas monitoring of mineral springs, time-series of carrier-trace-gas couples (CO 2 -He and CO 2 -Rn), and variability of periodic fluctuations in gas concentrations in the NWB. Bi-weekly gas sampling was executed during a 7-month campaign (7-M; 1 March-30 September 2016). During four weeks of this campaign, we intensively sampled gases in the same mineral springs every 8 h (4-W; 12 July-11 August 2016). We used a combination of geochemical and statistical methods to identify potential causal processes underlying the correlations of degassing patterns of the three aforementioned gases in mineral springs, meteorological conditions, and earthquake events. We explored whether temporal relationships among gas concentrations in the three mineral springs and also in nearby soil gas probes [31] could be indicators of hidden faults for migrating geogenic gases from deep underground. Specifically, we tested the null hypotheses that concentrations of the investigated gases were independent in all springs. Additionally, temporal associations between the fluctuations in gas concentrations were investigated to test whether there were simultaneous effects, specific periodic rhythms, and any influence of weather or seismic activity on degassing.
This study is part IV of the research project "GeoBio-Interactions" in which we also monitored geochemistry and periodic fluctuation patterns of soil gas and ant-nest gases (CO 2 , He, Rn and CH 4 ) at the Goloring site ≈6 km from the investigated mineral springs [31] [32] [33] .
Geological Setting
The EEVF (≈400 km 2 ) and its NWB are limited in the northern direction by the Lower Rhine Embayment and in the southern direction by the Mosel river, are located on the western side of the Hercynian Rhenish Massif, and are part of the seismically active intra-continental 1100 km long European Cenozoic rift system [34] . The current tectonic activity is characterized by uplift, that is attributed mainly to plume-related thermal expansion of the mantle-lithosphere, e.g., [19, 35] , crustal thinning and associated Cenozoic alkali basaltic volcanism [29, 36] , active rifting processes [22] , crustal-scale folding, or the reactivation of Variscan thrust faults under the present-day NW-SE-directed compressional stress field, e.g., [22, 34] . During the last 700 kyr, intensive intra-plate Quaternary alkali basaltic volcanism with several alternating phases of volcanic activity took place in the EEVF, leading to ≈100 eruption centers. The last phreato-plinian eruption occurred ≈12.9 kyr ago (Laacher See eruption; [37] ). That eruption was fed by a phonolitic magma from 5-8 km depth [20] and can be compared to eruptions of Mt. Pinatubo (Philippines; 1991), Mt. Vesuvius (Italy; 79 AD) or Mt St Helens (USA; 1980). Today, the volcanic and magmatic activity in the Eifel region is considered to be dormant but not extinct, with no anomalous heat flow; enhanced local seismicity is commonly thought to be due to tectonic activity along the Ochtendunger Fault Zone (OFZ; [20, 21, 38] ) rather than to volcanic processes. Increased gas flux is concentrated in the center of the EEVF (Laacher See volcano), but it is not restricted to this area. Distribution patterns of CO 2 emissions coincide with an active magmatic reservoir in the lithospheric mantle ("Eifel plume") with anomalously low seismic velocities (between 50 and at least 410 km depth) and elevated temperatures. This reservoir is the source for the Quaternary Eifel volcanism [19, 36] . Calculations of the CO 2 -flux survey in the Eifel area vary between 0.073-1 Mt/a (e.g., [39, 40] ). May [27] estimated approximately 0.012 Mt/a for the West Eifel Volcanic field, a fraction of 10 −4 of the CO 2 -flux of all estimated mantle plumes. Between 0.005 Mt/a and 0.0128 Mt/a of CO 2 are observed especially in the Laacher See region (e.g., [41] ). Carbon isotopes (δ 13 C values within the MORB range: -4.6 ± 0.6% ) and helium isotope ratios ( 3 He/ 4 He: Up to 5.6 Ra for the Laacher See area) indicate a predominantly mantle-derived origin.
The Eocene NWB (square-shaped; ≈585 km 2 ) represents a tectonic depression at the crosscut zone of the Mosel and Rhine rivers with a subsidence of 350 m [42] . The NWB is still seismically active. Weak to moderate earthquakes at shallow crustal depths (≤15 km) and local magnitudes (M L , Richter scale) rarely exceeding 4.0 and are concentrated on a nearly vertical plane along the NW-SE trending OFZ ( [43] ; Figure 1a ). Recent observations of long-period deep earthquakes (M L = 0.7-1.3) in the upper mantle (20-40 km depth) are interpreted as being induced by magma or fluid movements [21] . The NWB is characterized by decreasing mantle-derived He signatures (2-4 R/R a ) and δ 13 C values of -5.9% as compared to the Laacher See area [24, 25, 29] . Furthermore, local highly elevated Rn concentrations (>100 Bq/L) are associated with tectonic fault zones and clefts caused by advective gas transport along faults between the interbedding layers of Lower Devonian clay and siltstones as bedrocks and the Cenozoic sediment basin fillings [44, 45] . Faults in the NWB trend NE-SW (Variscan direction), NW-SE (present-day stress field) and in its conjugated ENE-WSW direction. The stress regime for NWB shows a strong tendency towards a strike-slip regime [22] . Their ages and total penetration depths are mostly unknown [36] . Along the margins of the Rhenish massif, mineral waters with high chloride and low CO 2 content that also contain crustal He dominate [36] . More than 300 minerals springs and mofettes with mostly hydrogen-carbonate-waters occur along NW-SE-, N-S-, and ±E-W-trending highly-permeable faults and crosscut zones of regional tectonic lineaments, presumably merging into shear zones of the crust or upper mantle. They provide permeable pathways for migration of CO 2 -rich fluids with significant contributions of mantle-derived helium linked to Quaternary volcanic activities and rapid water circulation, e.g., [23, 25, [27] [28] [29] .
Description of the Three Investigated Mineral Springs
The investigated springs, Nette, Kärlich, and Kobern, are characterized as CO 2 -gas/bicarbonate-rich mineral waters [24, 29] and are located at fault intersections: Nette to the southwest of the OFZ, Kobern close to the center of the OFZ in the southeast and Kärlich to the northeast, approximately 7 km away from the OFZ (Figure 1a) . Nette ( Figure 1b ) is a cold-water geyser at the bank of river Nette that was well-bored to a depth of 100 m in 1928 for the extraction of carbonic acid. The geyser's plumbing geometry consisted of a vertical well-bore that allowed for the upward artesian migration of CO 2 -rich fluids. The CO 2 -driven eruption occurred within the well, leading to a soaring height of 3-4 m. After selling the rights for carbonic acid production in 1939, the geyser was closed. The owner opened the geyser again in 1965 but did not use it commercially. In 1967, the geyser was plugged with debris by vandals and its regular CO 2 -driven eruption cycles faded out, although a rhythmically CO 2 -rich fluid discharge of 120 L/min continued. To prevent further damage to the spring, the outlet was re-shaped into its present-day U-form. In 1999, the former restrictions from the sell-off of exploitation rights expired (pers. comm. J. Dumont, 2016). Nette is located in the center part of the NWB, on a tectonically active crosscut-zone with faults trending in NNE-SSW (Rhenish direction) and ENE-WSW directions. The 3 He/ 4 He ratio is between 2.51 [23] and 2.6 [25] . Approximately 31% of the He in the mineral water is mantle-derived [23] .
Kärlich (Figure 1c ), well-bored in 1978, is located approximately 15 m south of the Lützel creek (Lützelbach). The freely available mineral water is collected by the inhabitants and used as drinking water. Kärlich, also in the center part of the Neuwied Basin, is located at a fault intersection with faults trending in NW-SE and NE-SW (Variscan direction) to ENE-WSW directions. Approximately 36% of the He there is mantle-derived, with a 3 He/ 4 He ratio of 2.83 [23] .
Kobern (Figure 1d) , with a discharge of 1.5 L/min, is not well-bored and is located ≈1 km north of Kobern-Gondorf in a mixed forest stand next to the Hohenstein creek (Hohensteinbach). It was presumably constructed in its present-day shape at the beginning of the 20th century [46] . Kobern's outer shape is constructed as a cave. Its mineral water is collected in a semicircular stonewalled water basin. The CO 2 -rich discharge enters the basin from the bottom. The spring is located approximately 5 km away from the southern margin of the Neuwied Basin, on a NE-SW trending fault zone. The 3 He/ 4 He ratio is 1.41; the amount of mantle-derived He is ≈18% [23] .
The Paleozoic basement beneath the mineral springs consists of ≤5 km alternating strata of Lower Devonian age, iron-bearing, quarzitic sandstones with a carbonate matrix and argillaceous shale, greywacke, clay, and siltstones ("Hunsrückschiefer" and "Singhofener Schichten"). Several thin black coal seams (Upper Siegen) are embedded within these alternating strata [47] . Within the entire Neuwied Basin, a continual sedimentation process took place during the Paleogene (Mid-Eocene to Upper Oligocene) starting with fluvial-lacustrine sediments, then turning into limnic-brackish, and finally to brackish-marine clay deposits (Neuwied Gruppe; [42, 48] ), which contribute to the major part of the basin fillings. Eocene/Oligocene lignite seams, which are found at ≈75-160 m depth, Quaternary vulcanites (pumice and trass) of the Laacher See eruption, fluviatile Pleistocene deposits of the rivers Rhine and Mosel (gravel and sand of the Lower Terrace), and loess sediments cover the Devonian units [47] . The basement can be considered to be a siliceous crevice aquifer as groundwater is transported and stored only along open fractures, clefts, and faults because of the very low permeability of the lithology [47] . Fluviatile deposits of the Lower Terrace can be addressed as siliceous porous aquifers [49] . Kobern (Figure 1d) , with a discharge of 1.5 L/min, is not well-bored and is located ≈1 km north of Kobern-Gondorf in a mixed forest stand next to the Hohenstein creek (Hohensteinbach). It was presumably constructed in its present-day shape at the beginning of the 20th century [46] . Kobern's outer shape is constructed as a cave. Its mineral water is collected in a semicircular stonewalled water basin. The CO2-rich discharge enters the basin from the bottom. The spring is located approximately 5 km away from the southern margin of the Neuwied Basin, on a NE-SW trending fault zone. The 3 He/ 4 He ratio is 1.41; the amount of mantle-derived He is ≈18% [23] .
The Paleozoic basement beneath the mineral springs consists of ≤5 km alternating strata of Lower Devonian age, iron-bearing, quarzitic sandstones with a carbonate matrix and argillaceous shale, greywacke, clay, and siltstones ("Hunsrückschiefer" and "Singhofener Schichten"). Several thin black coal seams (Upper Siegen) are embedded within these alternating strata [47] . Within the entire Neuwied Basin, a continual sedimentation process took place during the Paleogene (Mid-Eocene to Upper Oligocene) starting with fluvial-lacustrine sediments, then turning into limnic-brackish, and finally to brackish-marine clay deposits (Neuwied Gruppe; [42, 48] ), which contribute to the major part of the basin fillings. Eocene/Oligocene lignite seams, which are found at ≈75-160 m depth, Quaternary vulcanites (pumice and trass) of the Laacher See eruption, fluviatile Pleistocene deposits of the rivers Rhine and Mosel (gravel and sand of the Lower Terrace), and loess sediments cover the Devonian units [47] . The basement can be considered to be a siliceous crevice aquifer as groundwater is transported and stored only along open fractures, clefts, and faults because of the very low permeability of the lithology [47] . Fluviatile deposits of the Lower Terrace can be addressed as siliceous porous aquifers [49] . The three studied mineral springs (MS; light blue dots) ≈15 km SE of the Laacher See volcano within the Neuwied Basin (NWB, light yellow area); the inset shows the location of the study site within Germany. The map (a) shows tectonic structures (black lines) and active faults (bold black lines according to [42] ) compiled from the literature and different tectonic maps (e.g., [49] ), additional mineral springs (dark blue dots), Quaternary volcanoes (grey triangles), location of the meteorological station at the Goloring site (red cross), and probability density of the earthquake events from 1977-2016 that were related to the Ochtendunger Fault Zone (OFZ; rainbow contours; based on data provided in earthquake data catalogues [50, 51] ). River names are written in italics. CO2, He, and Rn were sampled from the mineral springs. Photographs show (b) Nette and (c) Kärlich Figure 1 . The three studied mineral springs (MS; light blue dots) ≈15 km SE of the Laacher See volcano within the Neuwied Basin (NWB, light yellow area); the inset shows the location of the study site within Germany. The map (a) shows tectonic structures (black lines) and active faults (bold black lines according to [42] ) compiled from the literature and different tectonic maps (e.g., [49] ), additional mineral springs (dark blue dots), Quaternary volcanoes (grey triangles), location of the meteorological station at the Goloring site (red cross), and probability density of the earthquake events from 1977-2016 that were related to the Ochtendunger Fault Zone (OFZ; rainbow contours; based on data provided in earthquake data catalogues [50, 51] ). River names are written in italics. CO 2 , He, and Rn were sampled from the mineral springs. Photographs show (b) Nette and (c) Kärlich with modified outlets, and (d) Kobern equipped with a permanent gas mouse (all photographs: G.M. Berberich).
Materials and Methods
We monitored concentrations of geogenic gases (CO 2 , He, Rn); time-series of carrier-trace-gas couples (CO 2 -He and CO 2 -Rn); variability of fluctuations in gas concentrations; and degassing rhythms in the springs. The field campaign was from 1 March-30 September 2016. During these seven months, we sampled the springs every two weeks (16 bi-weekly samples in the 7-M campaign) and augmented these biweekly samples with additional samples taken every eight hours during a single month (4-W campaign from 12 July-11 August 2016). In the mineral springs, we explored the relationships among
• CO 2 , He, and Rn concentrations; • temporal relations and degassing rhythms; • meteorological conditions; and • earthquakes.
Gas Sampling and Analytical Methods
We collected 1968 single gas samples across the springs during the total seven-month sampling period. Gas sampling followed the procedure described in Berberich [52] . To facilitate in-situ underwater gas sampling, the outlets of all mineral springs were modified so that the samples were isolated from atmospheric influence [53] . During each sampling at Nette, a flexible pipe extending from the original outlet was lowered under the water's surface to allow for gas sampling without atmospheric influence (Figure 1b ). At Kärlich (Figure 1c ) a U-shaped copper pipe was docked to the outlet and the gas was sampled beneath the water surface in a basket. In all springs, the gas was collected via a funnel docked to a 1 L PET bottle equipped with a valve ("gas mouse"; Figure 1d ). The gas mouse was completely flooded with water prior to the sampling, then turned upside-down below the water surface to prevent atmospheric gases from entering it. The flooded funnel was placed over the pipe outlet or copper pipe to collect the free, continuously bubbling gas phase, which were drawn into a sampling tube equipped with a syringe attached to the valve. Prior to sampling, the dead volume of the tube was extracted twice from the docked tube. At Kobern a permanent gas mouse was installed well below the spring orifice after initial evacuation ( Figure 1d ). Helium (total) samples were transferred into a 20 mL stainless-steel circular and air-tight sampling device (so-called "gas frog") and were analyzed immediately after collection using a mobile, modified mass spectrometer (Alcatel ASM 142; adixen) that had been converted to a 20 mL sample volume for a single He measurement. Rn samples were transferred into a 100 mL Lucas cell and analyzed after at least three hours using a Lucas detector (JP048; Radon Detector LUK4). To obtain a quantitative measurement of CO 2 concentrations, a portable Dräger-meter equipped with three sensors was docked to the probe or the gas mouse and run at each sampling for two minutes to stabilize the measurement (Dräger X-am ® 7000; DrägerSensor ® Smart IR CO 2 HC, measuring range 0%-100% by volume). Details of analytical procedures and errors were described fully by Berberich [52] . All measurements were comparable to the previous ones (e.g., [31, 53, 54] ) in this area, as the same equipment was used.
Meteorological Parameters
Meteorological data were obtained from a radio meteorological station (WH1080) placed 2 m above ground at the Goloring site (which was part of the research project "GeoBio-Interaction", Figure 1a ) in the center of the triangle-shaped study area and ≈6 km from the springs. It continuously logged meteorological conditions (temperature ( • C), humidity (%), air pressure (hpa), wind speed (m/s), rainfall (mm), dew point ( • C)) at 5 min intervals. The recorded data were downloaded every two days, checked for completeness, and stored in a database.
Earthquake Events
Earthquake events in the sampling region ( Figure 1a ) that occurred during the sampling campaign were recorded in seismological databases provided by the Erdbebenstation Bensberg [51]; www.seismo. uni-koeln.de/events/index.htm and the Landesamt für Geologie und Bergbau, Rheinland-Pfalz [50] ; http://www.LGB-RLP.de/fachthemen-des-amtes/landeserdbebendienst-rheinland-pfalz/.
Data Analysis
All analyses were done using R version 3.3.2 (R Core Team 2016) or MATLAB R2017a. We examined the effects of the six measured meteorological variables on geogenic gas concentrations. As many of these variables are correlated with one another, we used principal components analysis (PCA; R function prcomp) on centered and scaled data to create composite "weather" variables (i.e., principal axes, PC1, PC2 etc.; Tables 2 and 3 ). The first three axes accounted for 79% of the variance in the data, and we used these three in the subsequent analyses. For interpreting the significance of the correlation coefficient, we followed Hinkle et al. [55] . We used the median values for interpretations of geochemical data rather than the arithmetic mean ("average") because the median is less influenced by outliers (rare extremely large or small values) and provides a better estimator of "typical" values. Fluctuation patterns ( Figure 2 ) were investigated by centering and scaling the data (Z-score) and removing the outliers (i.e., data >1.5 standard deviations from centered and scaled data were excluded from analysis (7-M: ≈10%; 4-W: ≈9%)). Then, we used a smoothing splines method [56] in which the spline f (x) was a piece-wise polynomial computed using a smoothing parameter (set to 0.9999 in the Matlab implementation of the method) and x was centered and scaled. Cross-correlation analyses were used to investigate temporal relations between degassing patterns of sampled springs and carrier-trace-gas relations. We used the Matlab implementation of the Fourier Transform (FT; sampling rate = 8;) on raw data to investigate temporal rhythms and periodicities hidden in the degassing patterns of the mineral waters through an examination of the gas data collected during the 4-W campaign [31] . Because the observation interval corresponds to an infinite signal multiplied by a rectangular window, a Blackman window [57] was applied to suppress the artifacts that would be caused by a rectangular window. Because average degassing produced a large peak in the origin (zero frequency) of the amplitude spectrum, this peak was removed in order to enhance the visibility of the low-frequency components [31, 33] .
Data Availability
Data of geogenic gases in mineral springs supporting the findings of this study are available from the Harvard Forest Data Archive (http://harvardforest.fas.harvard.edu/data-archive), dataset HF-321. The entire meteorological dataset has been already published and is available from the Harvard Forest Data Archive (http://harvardforest.fas.harvard.edu/data-archive), dataset HF-311.
Results
Gas Composition
CO2 was the major component of the measured gases in the mineral springs. Median CO2 values differed among all the springs: Very high concentrations (86-92 Vol.%) were found in Nette and Kärlich during both the 7-M and 4-W samplings. Kobern always had median concentrations <80 Vol.% (Table 4) . He concentrations (Table 4) were highly variable during both samplings and fluctuated equal by a factor of 6, e.g., Nette between 20 and 110 ppm (4-W). The concentrations observed at Nette were ≈10 times higher than at Kärlich (6-10 ppm He) or Kobern (1-7 ppm He). More than 80% of the He concentrations measured in Kobern were below atmospheric standard (5.22 ppm; [58] ). Rn concentrations also varied greatly (Table 4) Cross-correlation analyses were used to investigate temporal relations between degassing patterns of sampled springs and carrier-trace-gas relations. We used the Matlab implementation of the Fourier Transform (FT; sampling rate = 8;) on raw data to investigate temporal rhythms and periodicities hidden in the degassing patterns of the mineral waters through an examination of the gas data collected during the 4-W campaign [31] . Because the observation interval corresponds to an infinite signal multiplied by a rectangular window, a Blackman window [57] was applied to suppress the artifacts that would be caused by a rectangular window. Because average degassing produced a large peak in the origin (zero frequency) of the amplitude spectrum, this peak was removed in order to enhance the visibility of the low-frequency components [31, 33] .
Data Availability
Results
Gas Composition
CO 2 was the major component of the measured gases in the mineral springs. Median CO 2 values differed among all the springs: Very high concentrations (86-92 Vol.%) were found in Nette and Kärlich during both the 7-M and 4-W samplings. Kobern always had median concentrations <80 Vol.% (Table 4) . He concentrations (Table 4) were highly variable during both samplings and fluctuated equal by a factor of 6, e.g., Nette between 20 and 110 ppm (4-W). The concentrations observed at Nette were ≈10 times higher than at Kärlich (6-10 ppm He) or Kobern (1-7 ppm He). More than 80% of the He concentrations measured in Kobern were below atmospheric standard (5.22 ppm; [58] ). Rn concentrations also varied greatly (Table 4) with the highest values in Kärlich (114 Bq/L) and the lowest in Nette (≈3 Bq/L). He versus CO2 and Rn versus CO2 plots (Figure 3 ) for the 7-M and 4-W samplings showed similar distributions for He and CO2 in Kärlich and Kobern, likely indicating a tectonic linkage between both springs (Figure 3a,c) . Higher He values corresponded to Nette, which is located at an intersection of an active fault system and close to a hot spot of earthquake activity (Figure 3a,c) . Rn vs. CO2 plots showed similar results for Kärlich and Kobern for both samplings (Figure 3b,d) . Figure 4b ). Rn concentrations were much more variable, declining in Nette and Kobern but remaining stable at high levels in Kärlich (Figure 4c ). Median Rn concentrations in Kärlich and Kobern in 2016 exceeded the concentrations of previous samplings. In the gas phase of Kärlich, the parametric value for Rn (100 Bq/L) of German Drinking Water Ordinance [59] was exceeded only once during the 7-M sampling campaign. (Figure 4b ). Rn concentrations were much more variable, declining in Nette and Kobern but remaining stable at high levels in Kärlich (Figure 4c ). Median Rn concentrations in Kärlich and Kobern in 2016 exceeded the concentrations of previous samplings. In the gas phase of Kärlich, the parametric value for Rn (100 Bq/L) of German Drinking Water Ordinance [59] was exceeded only once during the 7-M sampling campaign. During the 2016 bi-weekly sampling, gas concentrations varied greatly, e.g., Kärlich between 38 and 114 Bq/L for Rn (Table 4 ). Sinusoidal gas fluctuations were higher in amplitude during the 7-M sampling than during the 4-W sampling ( Figure 5 ). Variations in CO2 and He were highly correlated (r = 0.92 and 0.75) in Nette and Kärlich (Figure 5a,b,d ; Table A1 ). He fluctuations in Kobern were anticyclic relative to Nette (r = −0.59) and Kärlich (r = −0.53; Figure 5b ; Table A1 ). Rn fluctuations were not as pronounced as the other gases ( Figure 5c ) and were weakly correlated between Kobern and Kärlich (r = 0.42). During the 2016 bi-weekly sampling, gas concentrations varied greatly, e.g., Kärlich between 38 and 114 Bq/L for Rn (Table 4 ). Sinusoidal gas fluctuations were higher in amplitude during the 7-M sampling than during the 4-W sampling ( Figure 5 ). Variations in CO 2 and He were highly correlated (r = 0.92 and 0.75) in Nette and Kärlich (Figure 5a,b,d ; Table A1 ). He fluctuations in Kobern were anticyclic relative to Nette (r = −0.59) and Kärlich (r = −0.53; Figure 5b ; Table A1 ). Rn fluctuations were not as pronounced as the other gases ( Figure 5c ) and were weakly correlated between Kobern and Kärlich (r = 0.42).
Fluctuations during the 4-W campaign (Figure 5d -f; Table A1 ) showed similar patterns but were more detailed than those seen in the 7-M sampling. Fluctuations were similarly highly correlated for CO 2 Table A1 ). CO2 (Kärlich), He (Nette, Kärlich) and Rn (Nette, Kärlich) concentrations declined towards the end of the 4-W campaign (Figure 5d-f) . Gas fluctuations in Kobern almost always differed from Nette and Kärlich and rose towards the end of the 4-W sampling (Figure 5d-f ).
Temporal Variations of Concentrations and Carrier-Trace-Gas Couples in Springs
Cross-correlations for CO2 (Figure 6a ) and He (Figure 6b ) suggested that Nette and Kärlich were directly linked (CO2) and at an approximate lag of ≈2 days (40 h) for (He). Cross-correlations for Nette and Kobern (time lag of ≈2.5 days (≈64 h) for CO2), and Kobern and Kärlich revealed a positive but low relationship with a time lag of ≈2 days for CO2 (Figure 6a ). Nette and Kärlich and Kobern and Kärlich were directly and instantaneously linked with respect to Rn (Figure 6c ). 
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Fourier Transform (FT)
Common significant, short-synchronous degassing rhythms were observed for the springs and the gases after 1 day, 2, 3, 4, 5, 6, 8, 10 and 15 days (Figure 8 ; Table A2 ). Periods with maximal amplitudes were different for the investigated mineral springs and geo-gases in the soil. Maximum peaks for CO2 were observed for periods of 1 day (Kobern), 4 days (Kärlich), and 15 days (Nette; Figure 8a ; Table A2 ). He maxima occurred for periods of 10 days (Kärlich) and 15 days (Nette, Kobern; Figure 8b and Table A2 ), whereas Rn maxima were observed for periods of 6 days (Kobern) and 15 days (Nette; Kärlich (Figure 8c and Table A2 ). The peaks corresponding to longer periods, e.g., of 30 days were not significant from a signal processing perspective and were discarded from further analysis. 
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External Factors
Meteorological Conditions
Dry meteorological conditions were recorded during the 7-M and 4-W campaign. Median air temperatures were 15 °C (7-M) and 17 °C (4-W), with a single large rainfall event (66.9 mm) on 13 March. Variation in atmospheric pressure and wind speed were small (Table 1) . PCA and correlation analysis of raw gas data for the 4-W sampling with meteorological data (air temperature, air pressure, humidity and wind speed) showed that the degassing processes from mineral springs were not influenced by meteorological conditions ( Figure A1 and Figure A2 , Table A3 ).
Earthquakes
During the 7-M sampling, 43 small-scale earthquakes (−0.7 ≤ ML ≤ 1.8; depth: 1-29 km) occurred, whereas five occurred during the 4-W sampling (−0.1 ≤ ML ≤ 1.4; depth: 3-11.5 km; Figure  9 ). Three additional ones, on 9 and 15 August, were ≈ 26 km away. Because of their distance from the site and their low magnitudes (ML 0.8) these earthquakes were discarded from further analyses.
One earthquake (24 June; ML 0.5) occurred in the lower crust (≈29 km depth) and was re-calculated by Erdbebendienst Südwest and characterized as a deep low-frequency (DLF) earthquake (pers. comm. Erdbebendienst Südwest; Figure 9 ). Almost all gas concentrations in the springs decreased after this earthquake event, as can be observed in both the smoothed data ( Figure  5a-c) and the raw data ( Figure A3) .
Evidence of seismic influence on concentration patterns also could be visually observed after the two nearby (<10 km) earthquakes that occurred on 25 July (ML 1.4; depth 10 km) and 27 July (ML 0.7; depth 9 km) during the 4-W campaign ( Figure A3 ). Decreases in CO2 and He concentrations were observed ≈1 day after the 25 July earthquake in Nette and Kobern. Increases in concentrations Table A2 .
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Earthquakes
During the 7-M sampling, 43 small-scale earthquakes (−0.7 ≤ M L ≤ 1.8; depth: 1-29 km) occurred, whereas five occurred during the 4-W sampling (−0.1 ≤ M L ≤ 1.4; depth: 3-11.5 km; Figure 9 ). Three additional ones, on 9 and 15 August, were ≈ 26 km away. Because of their distance from the site and their low magnitudes (M L 0.8) these earthquakes were discarded from further analyses.
One earthquake (24 June; M L 0.5) occurred in the lower crust (≈29 km depth) and was re-calculated by Erdbebendienst Südwest and characterized as a deep low-frequency (DLF) earthquake (pers. comm. Erdbebendienst Südwest; Figure 9 ). Almost all gas concentrations in the springs decreased after this earthquake event, as can be observed in both the smoothed data (Figure 5a-c) and the raw data ( Figure A3) .
Evidence of seismic influence on concentration patterns also could be visually observed after the two nearby (<10 km) earthquakes that occurred on 25 July (M L 1.4; depth 10 km) and 27 July (M L 0.7; depth 9 km) during the 4-W campaign ( Figure A3 ). Decreases in CO 2 and He concentrations were observed ≈1 day after the 25 July earthquake in Nette and Kobern. Increases in concentrations of both gases were observed concomitantly in Kärlich; Rn increased in all springs. One day after the 27 July earthquake, CO 2 and Rn increased in Kobern but decreased in Nette and Kärlich (Figure 5d-f ; Figure A3 ). 
Discussion
Gas Content in the Studied Waters
CO 2 concentrations in the sampled gas phases can be divided into two sections: High concentrations in Nette and Kärlich and much lower ones in Kobern (Table 4) . Three interlinked processes promote CO 2 degassing in the EEVF [25] [26] [27] 36] : (i) Melting processes in the upper mantle ("Eifel-Plume"), which are considered to be the main source of Quaternary Eifel volcanism, liberate CO 2 from rocks, and promote direct CO 2 -ascension via deep reaching basement faults to the surface; (ii) liberation of additional CO 2 into the lower crust via ascending alkali basaltic magma; and (iii) migration of CO 2 though the brittle upper crust via fractures and faults. The sampled CO 2 -driven springs are located at fault intersections and characterized by geyser-type (Nette) or mofette-type (Kärlich and Kobern; [25] ) degassing systems, indicating fluid transport along highly permeable migration paths within the creviced aquifer system of the Variscan bedrock, through volcanic systems, and through lineaments [36, 49] . Artesian conditions resulting in formation overpressure may be caused at Nette by the permeability of the Variscan basement, provided by tectonic processes [42] that govern the supply rate of CO 2 -rich water and the overlaying Paleocene clay layers (thickness ≤70 m) filling the NWB [42, 47, 61] . Furthermore, the low depth of the groundwater table in the Nette valley may promote quick and direct CO 2 discharge in high concentrations [49] . In contrast, Kärlich and Kobern continually discharge CO 2 -rich fluids with very small to large CO 2 bubbles in the fluid. Kobern, located south of the OFZ and on a NE-SW trending fault system, had lower CO 2 concentrations than Nette or Kärlich (Table 4) . We hypothesize that gas migration at Kobern may occur along various faults where dissolution and fractionation of CO 2 with concomitantly formed HCO 3 can take place several times [62] . The local aquifer geology also might be different at Kobern, e.g., with a higher potential for geochemical reactions that consume CO 2 [63] . Different local permeability, e.g., low permeability in underlying bedrock but also differences in thickness, permeability, and porosity of unsaturated zone, also might play a role [63] . According to Bräuer et al. [25] , δ 13 C values of -5.9% confirm a mantle signature for Nette. This corresponds to values of deeply-derived CO 2 in the Northern Apennines (−6.1-+1.5% ; [64] ). However, δ 13 C values <−10% are also interpreted as mixtures between magmatic and biogenic CO 2 or respectively, mantle and crustal end members (e.g., [62] ). Together with similar mantle derived He signatures in Nette and Kärlich [25] , we suggest a common magmatic reservoir for Nette and Kärlich, probably located in the crust and fed by the Eifelplume located in the upper mantle [19] . Because detailed δ 13 C investigations for Kärlich are otherwise lacking, the reservoir supplying the degassing systems cannot be confidently characterized [25] .
The large differences in He concentrations and in He/CO 2 ratios among the springs (Table 4 ) also can be attributed to their different tectonic locations. Tectonically active zones often exhibit high fluxes of He and seismic activity tends to maintain a high permeability in active fractures, both of which act as preferential conduits for gases trapped in the mantle or the crust, leading to gas concentration anomalies [65] . Judging from the very high He concentration in Nette, the transport is likely to occur in conduits of high permeability. This can be confirmed because Nette is located at a seismically active crosscut zone of two fault systems. In combination with its geyser-like CO 2 -driven system, where gas phases reach the surface very quickly, the less soluble but highly volatile He is enriched in the free gas phase. Furthermore, the high He concentrations can be attributed to geochemical tracers of crustal fluid movement [66] with mantle influence [23, 25] . Kärlich, located on a seismically inactive fault intersection [42] , had an He concentration and He:CO 2 ratio twice as high as Kobern (Figure 4) . Thus, the 3 He contents in Kärlich (2.83) was similar to that measured at Nette (2.6) but twice as high than at Kobern [23] . In Kärlich, the fracture network might be more permeable than at Kobern, thus providing degassing pathways. Kobern is a mofette-type spring with stagnant waters, and the chemical fractionation of gases tends to zero in such waters [25] . At Kobern, there seems to be less permeability for fluid and degassing. Compared to the both other springs, He concentrations were very low in Kobern, below the atmospheric standard of 5.22 ppm [58] . Of the springs, Kobern has also the lowest concentration of mantle-derived He (≈18%; [23] ). A possible explanation might be that although CO 2 -charged faults are present at depth, not all lead to the surface [63] .
Radon anomalies at the Earth's surface are caused by Rn migration via conduits or faults [67] . The highest Rn concentrations were found in Kärlich, located at intersections of faults trending in NW-SE and NE-SW (Variscan direction) to ENE-WSW directions (Figure 1) . Rn is an excellent tracer of buried faults [66] . In the study area, locally elevated Rn (>100 Bq/L) emanation is associated with tectonic fault zones and clefts caused by advective gas transport along faults [44] . Sources for locally increased Rn emanation along faults could be precipitation of parent nuclides caused by local radium content in the soil, increase of the exposed area of faulted material by grain-size reduction, or carrier-gas flow around and within fault zones [68] . Furthermore, during an advective gas transport, the maximum migration distance is strongly increased by the "carrier effect" of other major gases (i.e., CO 2 ). In fact, fast velocities (0.1-1 cm/s) and increased travel distances (up to few km for Rn) have been observed [68] . We also note that Rn occurrence in drinking water is controlled by underlying geology, tectonics, and hydrological processes influencing groundwater, and domestic uses of water [69] . The Council Directive 2013/51/Euratom issued by the European Commission defines requirements for the concentrations of radioactive substances in water intended for human consumption. Member states had to specify a parametric value for radon between 100 and 1000 Bq/L, which should not be exceeded [70] . In Germany, this parametric value is fixed at 100 Bq/L for drinking water in the corresponding guideline [59] . During the sampling campaign, there was no evidence that this value was consistently exceeded at Kärlich. Nevertheless, Rn values are consistently high (Table 4) . Because local inhabitants collect mineral water from this spring for daily consumption the drinking water should be monitored on a regular base to prevent negative health impacts, especially on small children.
Time Series
Our continual bi-weekly and 8-h sampling intervals provided for the first time fine-scale data for mineral springs in the NWB that allowed for time-series analyses. Prior analyses in the Eifel volcanic field were based on only 6-15 samples in total per location, which had been obtained from different, annual samples (e.g., [25] ). Variability in concentrations and fluctuation patterns of the 8-hourly samples were low compared to the biweekly samples. Variability was even higher if gases were sampled only once each year (e.g., [25] ). This supports our conclusion that results derived from samples taken at long intervals may lead to erroneous conclusions [31] . Furthermore, our results suggest that daily fluctuations should be accounted for when analyzing gas composition and variability in time series. For example, the decline of some gas concentrations (CO 2 : Kärlich; He: Nette, Kärlich; Rn: Nette, Kärlich) and the rise in all gas concentrations in the Kobern spring towards the end of the 4-W sampling (Figure 4d-f) would not have been observed if samples had been taken less frequently.
Temporal Relations and Coupled Gas Systems
Degassing of all springs is either directly and instantaneously linked or with a lag of two to three days. This is a new finding for the NWB, suggesting that all springs are tectonically linked in ENE-WSW (Nette and Kärlich), NNE-SSW (Kärlich and Kobern) and NW-SE (Kobern and Nette) directions. However, on current geologic/tectonic reference maps (Figure 1 ) neither interruptions nor fault-linkages are shown. Our data provides the first evidence that bedrock fault systems in the investigated area (Figure 1 ) may be more developed and connected at depth [42, 49] . The suggested linkages also might be related to the many micro-earthquakes that occur in this area [50, 51] and are commonly believed to be due to transport of material within the volcanic plumbing system, resulting in pathways from and into magma reservoirs and thus enhance degassing. Furthermore, the stress field that occurs in the depth might promote deep low-frequency micro-earthquakes that might favor a vertical migration of magma or magmatic fluids [21, 71] .
Griesshaber [24] and Clauser et al. [29] suggested CO 2 as the primary carrier phase in the Eifel fluid-rock system where high concentrations of CO 2 gas stimulate dissolution and precipitation processes. Cross-correlations revealed only a CO 2 -He-coupling in Nette and Kärlich (Figure 7 ) which may be explained by both springs being located within the degassing center of the EEVF [25] and on the same ENE-WSW trending fault system (Figure 1a) . The CO 2 -Rn couple is the most probable carrier-gas mechanism [65, 66] . In our study area, however, evidence for a CO 2 -Rn couple could be identified only for Kärlich and Kobern. The Lower Devonian siltstone (grain size <2 mm) might be the common Rn source because it has a high emanation rate (≈25%; [44] ). At both springs, the lag of ≈3 days is very close to the half-life of Rn. The low negative correlation between CO 2 and Rn observed at Kärlich could be explained by a decline in Rn emanation followed by higher CO 2 degassing.
The low positive correlation at Kobern might indicate a coupled system within the half-life of Rn. The similar relation for Rn vs. CO 2 in Kärlich and Kobern (Figure 7) , the moderate positive correlation of Rn concentrations between both springs (Table A1) , and the direct and instantaneous temporal cross-correlation (Figure 6c ) all suggest that Kärlich and Kobern either have a common underground Rn source or are directly linked by a previously unknown NNE-SSW fault system. At Nette, no CO 2 -Rn coupling was found. There, the bedrock lithology consists of Devonian "Hunsrückschiefer" with more quarzitic components [47] . The conditions at Nette are comparable to the Wallenborn cold-water geyser in the Westeifel Volcanic Field with comparably low Rn but high CO 2 concentrations [53] . High dynamics in both geyser systems might prevent higher Rn concentrations and coupled systems.
Degassing Rhythms
The current level of volcanic and magmatic activity in the EEVF is still under debate. Recent key questions are (a) whether there is magma migration from deep-seated reservoirs to shallow depths in the crust and (b) whether there is current recharge of magma reservoirs [21] . To understand the mechanisms that control the start of volcanic unrest it is essential to monitor the magmatic and degassing systems. Our results of the persistently degassing mineral springs reveal complex degassing patterns in the NWB and evidence for specific rhythms on multiple time scales for all investigated gases during July-August 2016. These data are the first reported that suggest periodic quiescent gas release in EEVF. These findings also can be related to similar periodic degassing patterns of CO 2 , He, and Rn from soil gas of the nearby Goloring study site [31] . The 1-6-, 8-, 10-and 15-day periodicities are comparable to cyclic patterns in active volcanic fields ( Table 1 ). The 1-day (diurnal period) oscillations of the degassing signals of CO 2 , He, and Rn correspond to the 24 h solar day and occur at a quasi-constant local time of day [9] . The 2-3-day periodicities of all gases correspond well to periodic cycles found from deformation and seismic analyses at the Soufriere Hills volcano [15] and for CO 2 fluxes at Erebus Volcano [10] . Rhythms of 6 and 8 days might be related to tidal forces as found at Llaima and Villarrica volcanoes, Chile [9] .
Temporal fluctuations in cyclic behavior of 4-5 days has not been observed in other recent studies but may be attributed to fundamental changes either in the gas source processes, subsequent gas transport to the surface [15] , the influence of volcano-tectonic earthquakes [7] . Maximum periods occurring at 10 and 15 days for the gases (Table A2 ) may be related to discharge pulses in the same periodic rhythm (see also [14] ). Girona et al. [71] identified a cause-and-effect relationship between passive degassing and magma ascent ("top-down mechanism"): Magma reservoirs at shallow depth may be replenished and the internal pressure may increase as a consequence of depressurization due to degassing during quiescence. Furthermore, increase in compressive stress, variations of the volume of the pore fluid or rock matrix, and fluid movement or buoyancy are important mechanisms inducing fluid flow, and fractures remain open when the pressure exceeds the minimum principal stress (e.g., [72] ). During our 2016 study period, 43 earthquakes classified as tectonic events [51] occurred in the EEVF. At least 25% of these occurred at depths >10 km. One (24 June: M L 0.5), classified as a deep low-frequency (DLF) earthquake (pers. comm. Erdbebendienst Südwest), was even deeper (≈29 km depth) and belonged to a single event to cluster M1 pers. comm. Erdbebendienst Südwest; [21] . This is a new development in the EEVF.
The large depths of the hypocenters of the DLF-earthquakes are well outside the average for the tectonic earthquakes within the Ochtendunger Fault Zone and can be related to magmatic recharging processes at the lower crust beneath Laacher See Volcano, ≈10 km northwest of our study site in the EEVF [21, 73] ; pers. comm. Erdbebendienst Südwest]. We visually observed a relation between earthquakes and the gas concentrations. Our data from the bi-weekly 7-M samples show a potential hint that DLF-earthquakes might actively modulate degassing. Almost all gas concentrations in the springs decreased after this DLF-earthquake event on 24 June (e.g., Figure A3 ). This earthquake was located between Clusters M1 and C2 [21] ; pers. comm. Erdbebendienst Südwest. Furthermore, Nette and the DLF-earthquake are in a faulted area with a vertically dipping fault plane in NW-SE direction showing strike-slip mechanism [21] . We hypothesize that the vertical fault plane and DLF earthquakes that are commonly ascribed to movements of magmatic fluids [21] , might promote a quick ascent of gases towards the surface within a short period of time. As there was only one DLF-earthquake, however, statistical power is much too low to detect significant associations between gas flux patterns and earthquakes. Nevertheless, the recent occurrences of DLF-earthquakes that are related to magmatic processes at the lower crust indicates the need for continuous monitoring of geogenic gases in this youngest volcanic field in Germany.
Furthermore, evidence of seismic influence on gas concentrations and fluctuation patterns could be visually observed after the two nearby earthquakes that occurred on 25 July (M L 1.4; depth 10 km; <5 km distance) and 27 July (M L 0.7; depth 9 km; <8 km distance) during the 4-W campaign ( Figure A3 ). As there were only two such nearby events, however, statistical power is much too low to detect significant associations between gas flux and earthquakes. Though more micro-earthquakes occurred during the sampling, we did not find all earthquakes being related to degassing patterns. This result is attributable to either: (a) The earthquake magnitudes being too small to influence gas concentrations; (b) most of the earthquakes occurring at distances >10 km from the springs and not having any influence; or (c) discontinuous sampling intervals not allowing for the observation of an impact of earthquakes on gas concentrations.
The degassing pattern from the subsurface has been suggested to be dependent on meteorological conditions (e.g., [74] [75] [76] [77] ). Those studies concentrated on diffuse soil degassing, not on direct degassing of mineral springs. Our results based on continuous in situ monitoring of the nearby meteorological variables do not support this suggestion for the investigated 7-M period (c.f., [78] for the El Hierro Volcanic system). This result is in agreement with other data [75] that found only low correlations between degassing and air temperature (−0.31) and no correlations with humidity, atmospheric pressure, rain, or windspeed (−0.09-0.07; [55] ). Additionally, our results do not support the hypothesis that air temperature is a dominant controller of CO 2 production [79] . The reason for these differences may reflect different measurements of meteorological variables. In previous publications, these were based on only one daily value recorded from distant meteorological stations [30] , not on continuous in situ measurements. The moderate negative influence of temperature and positive influences of wind speed in Kobern during the bi-weekly sampling (Figures A1 and A2 ; Table A3 ) can be attributed to the permanent wooden cover on the semi-circular stone-walled water basin, emplaced for hazard prevention. This influence vanished during the 4-W sampling when the stone-walled water basin was ventilated every eight hours. As we cannot rule out the existence of seasonal variations on degassing patterns, continuous monitoring of geogenic gases and water chemistry for several years in all available springs would help address the magnitude and importance of seasonal effects.
Our results of continuous monitoring of gas emissions support the hypothesis by Hensch et al. [21] that the area of the Laacher See volcano might exhibit an active magmatic system with connections to a melt zone in the upper mantle. Magma convection and mixing dynamics combined with strongly variable flow and discharge pulses of magma into the conduit [80, 81] , may be a source of passive periodic degassing.
To understand and monitor its magmatic and degassing system in relation to new developments in deep low-frequency micro-earthquakes, infrequent samples are unlikely to be useful. To achieve baseline monitoring data, continual systematic collection, analysis, and interpretation of gas concentrations of the gases in all available mineral springs of the EEVF taken at short temporal intervals are needed.
Conclusions
Geogenic gases from mineral springs in the Neuwied Basin, a part of the East Eifel Volcanic Field (EEVF), were sampled to describe and analyze gas composition, fluctuation patterns, temporal variations, and carrier-trace-gas couples of geogenic gases (He, Rn, CO 2 ). Key results of the bi-weekly sampling during seven months with an augmented 8-hourly sampling during a 4-week period were that:
• First identification of periodic degassing rhythms of 1 day and 2-5 days for CO 2 , He, and Rn in mineral springs of the East Eifel Volcanic field (EEVF) that correspond to analyses of soil gasses were done in a parallel study.
• Cross-correlation analyses, CO 2 -He coupling, and CO 2 -Rn coupling together suggest that Nette and Kärlich are directly linked via previously unknown tectonic fault systems.
•
The volcanic activity in the EEVF is dormant but not extinct. To understand and monitor its magmatic and degassing systems in relation to new developments in earthquake processes and to identify seasonal variation in gas flux, we recommend continuous monitoring of geogenic gases in all available springs taken at short temporal intervals. 
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Appendix A Table A1 . Correlation coefficients between fluctuation patterns of geogenic gas concentrations (centered and scaled data) during the bi-weekly (a) and 8-hourly (b) survey in the mineral springs. Significant correlation coefficients [55] Figure A1 . Coefficients of the principal components analysis of weather variables with geogenic gas concentrations for (a) CO2, (b) He, and (c) Rn for the mineral springs during the 7-M campaign. The histograms on the diagonal illustrate the distribution of data of each of the three principal axes describing meteorological conditions (see also Tables 2 and 3) ; the plots below the diagonal illustrate the raw data (symbols) and pair-wise linear regression relationships (red lines) for each corresponding pair of variables along the diagonal, and the panels above the diagonals report the pair-wise correlation coefficients (font size scaled to the coefficients). Tables 2 and 3) ; the plots below the diagonal illustrate the raw data (symbols) and pair-wise linear regression relationships (red lines) for each corresponding pair of variables along the diagonal, and the panels above the diagonals report the pair-wise correlation coefficients (font size scaled to the coefficients). Figure A2 . Coefficients of the principal components analysis of weather variables with geogenic gas concentrations for (a) CO2, (b) He, and (c) Rn for the mineral springs during the 4-W campaign. The histograms on the diagonal illustrate the distribution of data of each of the three principal axes describing meteorological conditions (see also Tables 2 and 3) ; the plots below the diagonal illustrate the raw data (symbols) and pair-wise linear regression relationships (red lines) for each corresponding pair of variables along the diagonal, and the panels above the diagonals report the pair-wise correlation coefficients (font size scaled to the coefficients). Tables 2 and 3) ; the plots below the diagonal illustrate the raw data (symbols) and pair-wise linear regression relationships (red lines) for each corresponding pair of variables along the diagonal, and the panels above the diagonals report the pair-wise correlation coefficients (font size scaled to the coefficients). Table A3 . Coefficients of raw data of weather variables (air temperature, air pressure, wind speed, humidity) with geogenic gas concentrations for CO2, He, and Rn for the mineral springs during the 4-W sampling. 
4-W Sampling
